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I n  r e c e n t  y e a r s ,  t h e  r i v e r  d i s c h a r g e  i n  t h e  l o w e r  r e a c h  o f  t h e  Y e l l o w  R i v e r  b a s i n  h a d  d e c r e a s e d  
r a p i d l y  d u e  t o  d r y  c l i m a t e  c o n d i t i o n  a n d  h e a v y  w a t e r  d e m a n d s .  T h e  r i v e r  d i s c h a r g e s  o b s e r v e d  a t  
H  u a y u a n k o u  o f  t h e  1 9 9 0 s  d e c r e a s e d  a l m o s t  h a l f  o f  t h e  1 9 6 0 s ,  a n d  o b s e r v e d  d i s c h a r g e  a t  L i j  i n  o f  t h e  
1 9 9 0 s  d e c r e a s e d  l e s s  t h a n  o n e  t h i r d  o f  1 9 6 0 s .  A c c o r d i n g l y ,  t h e  d r y i n g - u p  i n  t h e  l o w e r  r e a c h  o f  t h e  
Y e l l o w  R i v e r  b a s i n  o c c u r r e d  s i n c e  1 9 7 2 .  T h e  m a i n  f a c t o r s  t o  i n d u c e  w a t e r  s h o r t a g e  i n  t h e  l o w e r  
r e a c h  o f  t h e  Y e l l o w  R i v e r  b a s i n  a r e  r e c o g n i z e d  a s  t h e  i n c r e a s e  i n  w a t e r  c o n s u m p t i o n  w i t h i n  t h e  
l o w e r  r e a c h  a n d  d e c r e a s e  o f  r i v e r  w a t e r  s u p p l i e d  f r o m  i t s  u p s t r e a m .  H o w e v e r ,  t h e  c o n t r i b u t i o n s  o f  
t h e s e  t w o  f a c t o r s  h a d  n o t  b e e n  c l a r i f i e d  q u a n t i t a t i v e l y  i n  t h e  p r e v i o u s  s t u d i e s .  T h u s ,  i n  t h e  p r e s e n t  
s t u d y ,  w e  a t t e m p t e d  t o  c l a r i f y  t h e  m e c h a n i s m  o f  t h e  d r y i n g - u p  o f  t h e  Y e l l o w  R i v e r  b a s i n  b y  
l o n g - t e r m  w a t e r  b a l a n c e  a n a l y s i s  a n d  s e v e r a l  h y d r o l o g i c a l  m o d e l  s i m u l a t i o n s .  
2 .  D a t a  a n d  M e t h o d  
F o r  t h e  l o n g - t e r m  a n a l y s i s ,  w e  u s e d  4 1  y e a r s  ( 1 9 6 0 - 2 0 0 0 )  o f  d a i l y  o b s e r v a t i o n  d a t a  f r o m  1 2 8  
m e t e o r o l o g i c a l  s t a t i o n s  a n d  i n t e r p o l a t e d  t h e m  i n t o  0 . 1 °  x  0 . 1 °  d e g r e e  g r i d  s c a l e s  a s  t h e  i n p u t  
p a r a m e t e r s  f o r  t h e  s e m i - d i s t r i b u t e d  h y d r o l o g i c a l  m o d e l .  T h e n ,  t o  p r e d i c t  t h e  e v a p o t r a n s p i r a t i o n  l o s s  
f r o m  v a r i o u s  l a n d  u s e  t y p e s ,  w e  a p p l i e d  a  h i g h  r e s o l u t i o n  s a t e l l i t e  r e m o t e  s e n s i n g  d a t a  a s  a n o t h e r  
i n p u t  p a r a m e t e r s .  T h e  r e m o t e  s e n s i n g  d a t a  i n c l u d e s  t h e  e l e v a t i o n ,  l a n d  s u r f a c e  c l a s s i f i c a t i o n  m a p ,  
a n d  n o r m a l i z e d  d i f f e r e n c e  v e g e t a t i o n  i n d e x  ( N D V I )  d a t a  s e t s ,  w h i c h  w e r e  a l s o  c o n v e r t e d  i n t o  0 . 1 °  x  
0 . 1 °  d e g r e e  g r i d  s c a l e s .  T h e  h y d r o l o g i c a l  m o d e l  u s e d  i n  t h i s  s t u d y  i s  b a s e d  o n  t h e  
s o i l - v e g e t a t i o n - a t m o s p h e r e  t r a n s f e r  ( S V A T )  a n d  h y d r o l o g i c a l  c y c l e  ( H Y C Y )  m o d e l ,  w h i c h  i s  
c o m p o s e d  o f  t h e  f o l l o w i n g  t h r e e  s u b - m o d e l s :  a  o n e  d i m e n s i o n a l  h e a t  b a l a n c e  m o d e l  o n  t h e  l a n d  
s u r f a c e ,  a  r u n o f f  f o r m a t i o n  m o d e l  a n d  a  r i v e r - r o u t i n g  n e t w o r k  m o d e l .  T o  u n d e r s t a n d  t h e  h e a t  a n d  
w a t e r  b a l a n c e s  m o r e  p r e c i s e l y ,  t h e  o r i g i n a l  m o d e l  w a s  m o d i f i e d  a s  f o l l o w s .  F i r s t ,  t h e  l a n d  s u r f a c e  
w a s  c l a s s i f i e d  i n t o  f i v e  l a n d - u s e  t y p e s  ( b a r e ,  g r a s s l a n d ,  f o r e s t ,  i r r i g a t i o n  a r e a ,  a n d  w a t e r  s u r f a c e ) .  
T h e n ,  p o t e n t i a l  e v a p o r a t i o n  w a s  c a l c u l a t e d  u s i n g  t h e  h e a t  b a l a n c e  m o d e l s .  T h e  e v a p o t r a n s p i r a t i o n  
1 0 3  
without soil water deficit from each vegetation surfaces was calculated from the potential 
evaporation using functions of the leaf area index (LAI). The LAI of each vegetation type was 
derived from monthly NDVI data set. Thus, seasonal and spatial variations of vegetation were 
considered in this model. Finally, actual evapotranspiration was estimated by regulating the 
evapotranspiration using functions of soil moisture content. However, this hydrological model could 
not predict long-term water balance of the Yellow River basin as it includes a lot of anthropogenic 
factors such as irrigation water intake, large reservoir operation, and human-induced land-use 
changes. Thus, in the present study, we considered these artificial factors in our model by applying 
simple sub-models for irrigation water intake, reservoir operation and land-use change. The details 
of model structure and parameters used in this study are summarized in Sato et al. (2007b ). 
3. Results and discussion 
3.1. Performance of model simulation 
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Figure 1 Performance of model simulation 
The performances of the hydrological model applied in this study are shown in Figure 1. These 
figures indicate that the annual discharges from source area to lower reach during the past 40 years 
( 1960 to 2000) estimated by the model (red bars) and observed results (blue bars). In this study, the 
Yellow River basin was divided into the following six sub-basins: (1) Source area (upstream of 
Tangnaihai), (2) Upper reach-1 (Tangnaihai to Lanzhou), (3) Upper reach-2 (Lanzhou to 
Toudaoguai), (4) Middle reach-I (Toudaoguai to Sanmenxia), (5) Middle reach-2 (Sanmenxia to 
Huayuankou), and (6) Lower reach (downstream ofHuayuankou). Although, we did not consider the 
influence of long-term land-use change in this model simulation, the observed discharges were 
reasonably captured by the model except for the Middle reach-1 . Therefore, the influence of land-use 
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c h a n g e  o n  l o n g - t e r m  w a t e r  b a l a n c e  o f  t h e  Y e l l o w  R i v e r  b a s i n  w i l l  n o t  b e  s o  s e v e r e .  D u r i n g  t h e  p a s t  
s e v e r a l  d e c a d e s ,  n a t u r a l  v e g e t a t i o n s  o n  t h e  L o e s s  P l a t e a u  l o c a t e d  i n  t h e  m i d d l e  r e a c h e s  h a v e  b e e n  
s e v e r e l y  d e s t r o y e d  d u e  t o  h u m a n  a c t i v i t i e s .  T h u s ,  t h e  s o i l  a n d  w a t e r  c o n s e r v a t i o n  m e a s u r e s  ( m a s s i v e  
v e g e t a t i o n  r e c o v e r y  a n d  l a n d  s u r f a c e  e n g i n e e r i n g )  b e c o m e  e f f e c t i v e  s i n c e  1 9 7 0 s .  A n d  t h e n ,  t h e  w a t e r  
b a l a n c e  i n  t h e  m i d d l e  r e a c h  o f  t h e  Y e l l o w  R i v e r  b a s i n  h a d  c l e a r l y  c h a n g e d  s i n c e  1 9 8 0 s .  H o w e v e r ,  t h e  
l o n g - t e r m  c h a n g e s  o f  N D V I  d i d  n o t  c h a n g e  s i g n i f i c a n t l y  s i n c e  1 9 8 0 s .  T h e r e f o r e ,  w e  a s s u m e d  t h a t  
t h e  l a n d - u s e  ( v e g e t a t i o n )  c o n d i t i o n  i n  t h e  L o e s s  P l a t e a u  h a d  c h a n g e d  d r a s t i c a l l y  u n t i l  t h e  1 9 8 0 s .  
T h u s ,  t h e  u n d e r e s t i m a t i o n  o f  r i v e r  d i s c h a r g e  f r o m  t h e  1 9 6 0 s  t o  1 9 7 0 s  i n  t h e  m i d d l e  r e a c h  o f  t h e  
Y e l l o w  R i v e r  b a s i n  ( F i g u r e  I )  w a s  a s s u m e d  t o  b e  o v e r e s t i m a t i o n  o f  t h e  e v a p o t r a n s p i r a t i o n  b y  t h e  
m o d e l .  T h e n ,  t o  r e d u c e  t h e  e v a p o t r a n s p i r a t i o n  f r o m  t h e  M i d d l e  r e a c h - I ,  w e  m o d i f i e d  ( r e d u c e d )  t h e  
m o d e l  p a r a m e t e r  o f  v e g e t a t i o n  c o v e r  r a t i o  ( V C R ) .  T h e  d e t a i l s  o f  m o d i f i c a t i o n  p r o c e d u r e s  o f  V C R  
a r e  d e s c r i b e d  i n  S a t o  e t  a l .  ( 2 0 0 7 a ) .  A f t e r  t h a t ,  t h e  e s t i m a t i o n  e r r o r  d e c r e a s e d  s i g n i f i c a n t l y  ( F i g u r e  2 ) .  
T h e r e f o r e ,  w e  f o u n d  t h a t  i t  i s  n e c e s s a r y  t o  c o n s i d e r  t h e  i n f l u e n c e  o f  l a n d - u s e  c h a n g e  f o r  e s t i m a t i n g  
l o n g - t e r m  w a t e r  b a l a n c e  i n  t h e  m i d d l e  r e a c h  o f  t h e  Y e l l o w  R i v e r  b a s i n .  
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F i g u r e  2  T h e  r e s u l t s  o f  m o d i f i e d  m o d e l  c o n s i d e r i n g  t h e  l a n d - u s e  c h a n g e  i n  
t h e  m i d d l e  r e a c h  o f  t h e  Y e l l o w  R i v e r  b a s i n  
3 . 2 .  H y d r o l o g i c a l  i m p a c t  o f  s o i l  a n d  w a t e r  c o n s e r v a t i o n  i n  t h e  L o e s s  P l a t e a u  
T h e  m a s s i v e  l a n d - u s e  c h a n g e s  i n  t h e  m i d d l e  r e a c h  o f  t h e  Y e l l o w  R i v e r  b a s i n  a l s o  i n c l u d e  " L a n d  
t e r r a c i n g " ,  " A f f o r e s t a t i o n  ( t r e e  a n d  g r a s s  p l a n t i n g ) " ,  a n d  " S i l t - c o n t r o l "  ( c h e c k  d a m  b u i l d i n g )  i n  t h e  
L o e s s  P l a t e a u .  T h e s e  l a n d  s u r f a c e  e n g i n e e r i n g  w i l l  i n c r e a s e  t h e  a m o u n t  o f  r a i n f a l l  i n f i l t r a t i o n  b y  
r e d u c i n g  s u r f a c e  o v e r l a n d  f l o w .  T h u s ,  t o  c l a r i f y  t h e  i n f l u e n c e  o f  t h e  l a n d - u s e  c h a n g e  ( s o i l  a n d  w a t e r  
c o n s e r v a t i o n )  m o r e  p r e c i s e l y ,  w e  c o n s i d e r e d  t h e  i n f l u e n c e  o f  t h e  r a i n f a l l  i n f i l t r a t i o n  ( s o i l  
p e r m e a b i l i t y )  a s  w e l l  a s  v e g e t a t i o n  c h a n g e s .  
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Figure 3 The influence of soil and water conservation in the Loess Plateau 
simulated by the model 
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Figure 3 indicates the influence of soil and water conservation on long-term water balance in the 
middle reach of the Yellow River basin. In the present study, we tried to compare the change of river 
discharge, evapotranspiration and surface (overland) flows due to soil and water conservation by the 
model simulation (Sato et al., 2007a). According to these results, we can find that the model used in 
this study can simulate hydrological impact of soil and water conservation quantitatively as follows : 
The soil and water conservation will decrease the river discharge about 10-50%, and increase the 
evapotranspiration about 2-13%, and on the other hand, decrease the surface overland flow about 
14-74%. These results suggested that the soil and water conservation will decrease not only soil 
erosions by decreasing surface (overland) flow, but also will decrease available water resources in 
the middle reach of the Yellow River basin by increasing evapotranspiration loss with the vegetation 
recovery. 
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3 . 3 .  A n a l y s i s  o f  l o n g - t e r m  w a t e r  b a l a n c e  o f  t h e  Y e l l o w  R i v e r  b a s i n  
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F i g u r e  4  A n a l y s i s  o f  l o n g - t e r m  w a t e r  b a l a n c e  o f  
t h e  Y e l l o w  R i v e r  b a s i n  
( a )  A n n u a l  d i s c h a r g e  o b s e r v e d  a t  e a c h  
h y d r o l o g i c a l  s t a t i o n  ( a v e r a g e  o f  1 9 6 0  t o  2 0 0 0 ) ;  
( b )  C h a n g e  o f  d i s c h a r g e  b e t w e e n  t h e  1 9 6 0 s  a n d  
1 9 9 0 s ;  (  c )  C h a n g e  o f  d i s c h a r g e  f r o m  e a c h  
s u b - b a s i n ;  (  d )  A m o u n t  o f  w a t e r  d e c r e a s e  i n  e a c h  
s u b - b a s i n  
F i g u r e  4 a  s h o w s  a n n u a l  r i v e r  d i s c h a r g e  o b s e r v e d  a t  e a c h  m a j o r  h y d r o l o g i c a l  s t a t i o n  l o c a t e d  i n  t h e  
m a i n  s t r e a m  o f  t h e  Y e l l o w  R i v e r .  F r o m  t h i s  f i g u r e ,  w e  c a n  f i n d  t h a t  t h e r e  a r e  t w o  s i n k s  i n  o b s e r v e d  
r i v e r  d i s c h a r g e  a t  T o u d a o g u a i  a n d  L i j i n .  I t  i s  p r o b a b l y  b e c a u s e  l a r g e  a m o u n t s  o f  w a t e r  i n t a k e  f r o m  
r i v e r  c h a n n e l  t o  t h e  l a r g e  i r r i g a t i o n  a r e a s  l o c a t e d  i n  t h e s e  r e l a t i v e l y  d r y  r e g i o n s .  A c c o r d i n g  t o  t h e  
F i g u r e  4 b ,  w e  c a n  n o t i c e  t h a t  a l l  t h e  h y d r o l o g i c a l  s t a t i o n ' s  d i s c h a r g e s  h a d  d e c r e a s e d ,  a n d  
c o n s e q u e n t l y ,  t h e  d i s c h a r g e  n e a r  t h e  r i v e r  m o u t h  ( o b s e r v e d  d i s c h a r g e  a t  L i j i n )  h a d  d e c r e a s e d  a l m o s t  
3 6  b i l l i o n  m
3  
d u r i n g  t h e  p a s t  4 0  y e a r s .  F i g u r e  4 c  a l s o  i n d i c a t e s  t h a t  t h e r e  a r e  ' s o u r c e '  a n d  ' s i n k '  i n  
t h e  Y e l l o w  R i v e r  b a s i n .  F r o m  t h i s  f i g u r e ,  w e  c a n  f i n d  t h a t  m o s t  o f  r i v e r  w a t e r  s u p p l i e d  f r o m  s o u r c e  
a r e a  a n d  m i d d l e  r e a c h - 1 .  H o w e v e r ,  t h e  a m o u n t  o f  w a t e r  s u p p l i e d  f r o m  m i d d l e  r e a c h  h a d  d e c r e a s e d  
d r a s t i c a l l y  d u r i n g  t h e  p a s t  4 0  y e a r s .  O n  t h e  o t h e r  h a n d ,  i n  s p i t e  o f  t h e  a m o u n t  o f  w a t e r  c o n s u m p t i o n  
i n  t h e  u p p e r  r e a c h - 2  h a d  n o t  c h a n g e d  s o  m u c h ,  t h e  r a p i d  i n c r e a s e  i n  w a t e r  c o n s u m p t i o n  h a d  o c c u r r e d  
i n  t h e  l o w e r  r e a c h  ( F i g u r e  4 c  ) .  F i n a l l y ,  f r o m  t h e  r e s u l t  o f  f i g u r e  4 d ,  w e  c a n  s e e  t h a t  t h e  w a t e r  
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shortage in the lower reach of the Yellow River basin (decrease of observed river discharge at Lijin: 
36 billion m3) was induced by the following two factors: ( 1) increase in water consumption within 
the lower reaches (31 %) and (2) decrease in water supply from upstream ofHuayuankou (69%). 
3.4. Mechanisms of the drying up of the Yellow River basin 
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Figure 5 Mechanisms of the drying-up of the Yellow River basin 
(a) Decadal change of water supply for the lower reach and water use within the lower 
reach; (b) Decadal change of irrigation area, irrigation water use, local water use and 
industrial water use within the lower reach; ( c) Decadal change of precipitation from source 
area to middle reach-2; (d) Decadal change of evapotranspiration from source area to 
middle reach-2 
According to the decadal analysis of the water use within the lower reach and the water supply to the 
lower reach, we can find that the water use within lower reach increased between the 1960s to the 
1980s and water supply to the lower reach decreased in the 1970s and the 1990s (Figure Sa). The 
major reason of the increase in water use within the lower reach can be due to the increase in 
irrigation water use with the increase of irrigation areas from the 1960s to the 1980s (Figure Sb). 
However, despite of the increase in irrigation area from the 1980s to 1990s, the amount of irrigation 
water use did not change. This is probably because the influence of climate conditions (i .e. decrease 
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i n  s u n s h i n e  d u r a t i o n )  w i l l  d e c r e a s e  t h e  a m o u n t  o f  p o t e n t i a l  e v a p o r a t i o n  o r  t h e  e f f i c i e n c y  o f  w a t e r  u s e  
m i g h t  i m p r o v e d  i n  t h e  l o w e r  r e a c h  a f t e r  t h e  1 9 8 0 s .  T h e  d e c r e a s e  i n  w a t e r  s u p p l y  t o  t h e  l o w e r  r e a c h  
m u s t  b e  i n d u c e d  b y  t h e  d e c r e a s e  i n  p r e c i p i t a t i o n  i n  t h e  m i d d l e  r e a c h - 2  i n  t h e  1 9 7 0 s  a n d  1 9 8 0 s  
( F i g u r e  S c ) .  T h e  i n f l u e n c e  o f  t h e  i n c r e a s e  i n  e v a p o t r a n s p i r a t i o n  w i t h  t h e  i n c r e a s e  o f  a i r  t e m p e r a t u r e  
w i l l  n o t  b e  s o  s i g n i f i c a n t  o n  l o n g - t e r m  w a t e r  b a l a n c e  o f  t h e  Y e l l o w  R i v e r  b a s i n  c o m p a r e d  w i t h  t h e  
i n f l u e n c e  o f  t h e  p r e c i p i t a t i o n  c h a n g e  ( F i g u r e  5 d ) .  
4 .  C o n c l u s i o n  
I n  t h e  p r e s e n t  s t u d y ,  w e  a t t e m p t e d  t o  c l a r i f y  t h e  m e c h a n i s m s  o f  t h e  d r y i n g - u p  o f  t h e  
Y e l l o w  R i v e r  b a s i n  b y  l o n g - t e r m  w a t e r  b a l a n c e  a n a l y s i s  a n d  h y d r o l o g i c a l  m o d e l  
s i m u l a t i o n .  T h e  r e s u l t s  s h o w e d  t h a t  t h e  c o n t r i b u t i o n s  o f  t h e  l o w e r  r e a c h  a n d  u p p e r  a n d  
m i d d l e  r e a c h  a r e  3 1  %  a n d  6 9 % ,  r e s p e c t i v e l y .  A c c o r d i n g  t o  t h e  r e s u l t s  o f  m o d e l  
s i m u l a t i o n ,  w e  f o u n d  t h a t  t h e  w a t e r  c o n s u m p t i o n  i n  t h e  l a r g e  i r r i g a t i o n  a r e a  l o c a t e d  i n  
t h e  u p p e r  r e a c h  d i d  n o t  c h a n g e  s i g n i f i c a n t l y  d u r i n g  t h e  p a s t  4 0  y e a r s .  O n  t h e  o t h e r  h a n d ,  
t h e  w a t e r  c o n s u m p t i o n  i n  t h e  i r r i g a t i o n  a r e a  l o c a t e d  a r o u n d  t h e  l o w e r  r e a c h  h a d  
i n c r e a s e d  s i g n i f i c a n t l y  d u r i n g  t h e  p e r i o d  f r o m  1 9 6 0 s  t o  1 9 8 0 s .  F u r t h e r m o r e ,  i t  w a s  
f o u n d  t h a t  t h e  r a p i d  d e c r e a s e s  i n  p r e c i p i t a t i o n  i n  t h e  m i d d l e  r e a c h - 2  i n  t h e  1 9 7 0 s  a n d  t h e  
1 9 9 0 s  c a u s e d  t h e  d e c r e a s e  o f  w a t e r  s u p p l y  t o  t h e  l o w e r  r e a c h .  C o m p a r e d  w i t h  i r r i g a t i o n  
w a t e r  u s e  i n  t h e  l o w e r  r e a c h  a n d  p r e c i p i t a t i o n  c h a n g e  i n  t h e  m i d d l e  r e a c h ,  t h e  i m p a c t  o f  
r i s e  i n  t e m p e r a t u r e  a n d  v e g e t a t i o n  c h a n g e  o n  l o n g - t e r m  w a t e r  b a l a n c e  w e r e  f o u n d  t o  b e  
n e g l i g i b l e .  T h e s e  r e s u l t s  w i l l  c o n t r i b u t e  t o  t h e  i n t e g r a t e d  w a t e r  r e s o u r c e s  m a n a g e m e n t  
i n  t h e  Y e l l o w  R i v e r  b a s i n ,  s u c h  a s  t h e  m o r e  a d e q u a t e  w a t e r  a l l o c a t i o n  o r  s o i l  a n d  w a t e r  
c o n s e r v a t i o n .  
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